I. INTRODUCTION
T HE mechanism of atrial fibrillation (AF) is complex and not yet fully understood. Contemporary studies suggested that disorganized electrical activations during AF might be maintained by drivers with exceedingly high activation rate, namely the highest dominant frequency (DF) [1] - [3] . Previous study have shown that ablation of these drivers with successful elimination of the biatrial frequency gradient could predict longterm freedom of fibrillation [4] . Therefore, it is postulated that such high-frequency drivers are effective targets for AF ablation. The localization of the drivers with highest DF is important for guiding ablation treatment as their locations can be found in both left and right atria, especially for patients with persistent and non-pulmonary-vein-foci paroxysmal AF. However, intracardiac mapping has limitations in identifying the locations due to the challenge of generating precise spatial-temporal maps within limited procedure time. Therefore, an alternative noninvasive technique to reconstruct atrial DF maps is needed for treatment individualization.
Noninvasive cardiac electrical source imaging techniques reconstruct cardiac electrical activities based upon body surface ECGs and patient's heart-torso geometry [5] - [16] . Unlike body surface potential maps (BSPMs) that represent a body surface manifestation of overall cardiac electrical activities, cardiac electrical source imaging reconstructs myocardial activation by mapping BSPM onto the source domain-the heart, thus allowing direct interpretation on cardiac activities. Cardiac electric imaging (CEI) has previously been utilized for imaging atrial activities in terms of atrial activation sequences and AF rotor behavior [17] - [21] . However, none of the previous studies has examined whether frequency domain features can be imaged from the BSPMs. In the present study, we have proposed a frequency-based noninvasive cardiac electrical imaging (CEI) approach, which integrates spectral analysis with source imaging to reconstruct DF maps during AF. The goal of the study is to evaluate whether CEI is capable of identifying highest-DF drivers and recovering frequency features in AF patients.
II. METHODS

A. Subjects
BSPMs were measured on 13 patients (Female = 8, Male = 5, averaged age = 58.5 ± 9.3) with paroxysmal AF and persistent 0018-9294 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. AF. Subjects' clinical characteristics are summarized in Table I . Among the 13 patients, a total of seven of them underwent spontaneous AF and the AF episodes during BSPM recordings were analyzed by using the CEI method. All protocols were approved by the Institutional Review Board (IRB) of the Shanghai Ruijin Hospital (affiliated with Shanghai Jiao Tong University School of Medicine, Shanghai, China) and the IRB of the University of Minnesota. Data collection was performed after the signed informed consents were obtained from patients. See Fig. 1 for the study design.
B. Body Surface Potential Mapping
The BSPMs were recorded when patients were at resting state (supine position with smooth breath). Before the BPSM recording session, a total of 208 Ag-AgCl carbon electrodes (BioSemi Active-Two) were placed on the anterior-lateral chest (n = 144) and the posterior trunk (n = 64). The electrodes were connected to BioSemi Active-Two measurement system with a sampling rate of 2048 Hz (with 400 Hz cutoff frequency for the low-pass filter) and a 24 bit analog-to-digital converter. During the BSPM recording, patients were told to keep still with slow respiration in order to minimize baseline wandering and motion artifacts. After the BSPM measurement, the locations of electrodes were recorded by using a radio frequency digitizer (Fastrak, Polhemus Inc., Vermont).
C. Anatomical Data Acquisition
Computer Tomography (CT) was performed on each subject to obtain subject-specific heart-torso geometry. The heart geometries were obtained by continuous volume scanning from the great vessel level down to the diaphragm with intravenous contrast. The slice thickness was 0.4 mm and was fine enough for the segmentation of a refined heart model. Additional torso scans were performed with a slice thickness of 6 mm from the level of collar bone down to the lower abdomen, and were used to build a complete torso model. The in-plane resolution of the CT scan was fixed at 512 × 512 pixels. In order to avoid respiratory artifact, patients were alerted before the scanning to hold respirations. Continuous ECG was monitored and used for gating the CT scanner. The CT images were further processed by commercial software (Curry 6.0, Neuroscan, North Carolina) to obtain the individual heart-torso geometry. The heart and torso CT images were coupled based on important cardiac anatomical landmarks, such as the apex, and the coregistration errors were minimized with the assistance of Curry 6.0. Detailed anatomy structures including the atria, the ventricles, the lung, and the torso were segmented. For the segmentation of the atria, important anatomical structures, like the pulmonary veins (PVs), superior vena cava, inferior vena cava, tricuspid annulus, and mitral annulus, were identified and marked.
D. Signal Processing
BSPMs were grounded with Wilson central terminal and filtered with either 50-or 60-Hz second-order infinite impulse response notch filter to remove the utility frequency component. BSPMs contained ventricular signals that would affect the atrial DF reconstruction, hence a classic and validated QRS-T template subtraction technique was applied to remove ventricular activities [22] . As ventricular components are independent from the atrial activities during AF [23] , the Independent Component Analysis was further utilized following the template subtraction to remove any presented QRS residuals. BSPMs were then further low-pass filtered by a 10th order Butterworth filter with a cutoff frequency of 40 Hz.
E. Equivalent Current Density (ECD) Modeling
Based on the bidomain theory, for a given point r in the myocardium, the equivalent cardiac source j eq (r, t) representing the cardiac electrical activities can be derived as
where σ i (r) is the intracellular conductivity tensor, and φ m (r, t) is the transmembrane potential (TMP) at location r and time t. Equation (1) defines j eq (r, t) to be proportional to the spatial gradient of TMP. The depolarization phase of action potential is featured by an instantaneous rise from the resting potential to the plateau phase. The propagation of cardiac activation wavefront separates the myocardium into depolarized and nondepolarized regions.
Note that the widely used intracardiac mapping technique using bipolar electrograms (EGM), is approximately a directional component of the spatial gradient of TMP [12] . The relationship between j eq (r, t) and ∇φ m (r, t) in (1) tells that, similarly, the bipolar EGM can also be considered as a directional component of the local current density j eq (r, t), that is, j eq (r, t) provides an alternative and equivalent feature as bipolar EGMs for deriving the local activation rates.
F. Frequency Analysis of Cardiac Sources
Clinical EP studies based on bipolar EGMs reported that the AF drivers with the highest DF served as potential ablation targets for AF treatment. As discussed earlier, local current density provides equally effective characteristics as the bipolar EGMs for frequency analysis, which enables us to implement the concept of DF into noninvasive cardiac source imaging technique.
Considering the local current density | j eq (r, t)| at myocardium point r, which are sampled into T discrete samples j n , n = 0, 1, 2, . . . , T − 1. The local excitation frequency can be determined by using Discrete Fourier transform to transform j n from time domain to J eq (k) in the frequency domain
where T is the number of samples, n is the current sample being considered, and k is the index of frequency. The actual frequencies of periodic sequences depend on the sampling rate f s and can be expressed by f = f s k/T . The DF of atrial electrical activities for a given location r is corresponding to the frequency at which the power spectrum reaches maximal amplitude
The time to frequency domain transform of cardiac sources allows us to investigate the spectral features of AF and identify high-frequency drivers for catheter ablation in a noninvasive way.
G. Forward and Inverse Solutions
The CEI technique was previously used to reconstruct 3-D ventricular cardiac activation patterns from BSPM, and has been validated with animal studies [11] - [13] , [24] , [25] . In the present study, CEI was used to image atrial electrical activity. As mentioned in the previous section, the equivalent cardiac electrical sources were represented by the ECD distribution. Given a tessellated geometrical heart-thorax model and the prior knowledge of the electrical conductivities of relevant tissues and organs [26] , [27] , the relationship between the ECD distribution and the extracellular potentials measurable on the body surface can be described by the following linear equation:
where Φ(t) is a M × 1 column vector of body surface potentials measured from M body surface electrodes at time t, J(t) is a 3N × 1 column vector of ECD distribution from N myocardial grid points, and L is the M × 3N source-to-field transfer matrix relating the ECD distribution to the body surface potentials. This linear inverse problem was solved using the weighted minimum norm estimation [11] , [28] , [29] , which minimizes the following objective function:
where W is the Kronecker product of a 3 × 3 identity matrix I and a N × N diagonal matrix Ω. λ is the regularization parameter, which can be chosen by using the L-curve method [30] .
H. Data Analysis
In the present study, a two-dimensional (2-D) atrial surface source model was used to equivalently represent atrial electrical activity, ignoring the thickness of atria. The LA and RA were discretized into 2282 ± 576 grid points with a spatial resolution of 3 mm. The 2-D atrial ECD distributions were then reconstructed from the BSPM with the aid of the patient-specific heart-torso boundary element geometry model obtained from subjects' CT images [11] - [13] . In order to image AF drivers exciting at relatively stable high frequency, a fixed 5-s length of BSPMs was used for analysis to ensure the capture of reliable high-frequency source.
Following ECD reconstruction, the ECD waveforms were then tapered with Hanning window to set the edge value to zero, and processed with a 3-15 Hz band-pass filter. The ECD waveform of 5 s was zero padded to 20 s in order to obtain higher spectral resolutions. FFT was then performed on the ECD waveform at each given atrial location using the commercial MATLAB package (MATLB R2012b, Mathworks, Massachusetts). The biatrial DF map was computed from the frequency corresponding to the highest peak in the power spectrum. The regularity index (RI) was defined as the ratio of the power at the DF and its neighboring 0.75-Hz frequency band to the power of the 3-15 Hz band [2] , and was used here to guarantee the reliability of the reconstructed DF. Only points with RI > 0.2 were selected in the reconstruction of DF map. The maximal DF site was defined as the highest DF surrounded by a ࣙ 20% decreasing frequency gradient. 
I. BPSM DF Maps
CEI reconstructs the spatial distribution of atrial electrical activities at each time instant, from the potential map on the torso at the corresponding time point. It is necessary to evaluate whether it can also reliably recover the frequency features in the atria based on what is spatially observed from BSPM. Therefore, the DF distribution on the torso was computed by performing the same FFT analysis procedure on the BSPM and compared with the reconstructed atrial DF map. After removal of ventricular components, the surface ECG waveforms were tapered with Hanning window and filtered by 3-15 Hz band-pass filter. The BSPM DF map was then computed by applying FFT analysis to 5-s surface ECGs and selecting the frequency with highest peak in the power spectrum.
J. Statistical Analysis
To furtherinvestigate the dispersion and coherence of the results, statistical analysis was applied to compare the variability of frequency features in different groups of patients. Paired student's t test was applied in the comparison for maximal DFs in RA and LA within each group (paroxysmal group versus persistent group) in order to evaluate the LA-to-RA frequency difference. The result was considered to be statistically significant when the p-value was found to be <0.05. Repeating variables, like the maximal DFs observed in patients from different time intervals, were reported in the form of mean ± standard deviation.
III. RESULTS
A total of seven patients had spontaneous AF during BSPM recording (n = 3 for paroxysmal patients, n = 4 for persistent patients) and were analyzed by using the CEI technique. In paroxysmal AF patients, atrial enlargements were found in two of the four analyzed patients. All persistent AF patients had atrial enlargements (LA = 3, RA = 1), which might indicate more risks of structural heart disease. Patients without spontaneous AF were recorded with sinus rhythm and, therefore, no highfrequency drivers could be observed. Fig. 2 shows successive DF maps obtained from a 60-year-old male paroxysmal AF patient. The patient had AF recurrence 22 months after the first ablation procedure. Spontaneous AF was recorded one day prior to the second procedure. On this patient, CEI repeatedly showed: 1) focal maximal DF sites at the inferior area of the right inferior PV (RIPV), the superior area of the left superior PV (LSPV), and the LA roof; and 2) a persistent LAto-RA frequency gradient (maximal DFs in LA versus maximal DFs in RA: 7.2 ± 0.4 versus 6.6 ± 0.2, p < 0.05). CEI was able to image the persistent maintenance as well as transition of maximal DF sites over time. At time window A, the maximal DF sites were observed at superior LSPV (7.4 Hz) and LA roof (7.4 Hz) [see Fig. 2(a) ]. Later on, the maximal DF at superior LSPV persists (7.8 Hz) while the high-frequency activity at LA roof vanishes, and the inferior area of the RIPV begins to activate as the secondary highest DF site (7.4 Hz) [see Fig. 2(b) ]. In the following time window C, the superior LA completely degenerates into low-frequency activity, and the inferior area of the RIPV takes the role of dominant driver (6.8 Hz). Note that the temporal transition of highest DF sites appeared to be spatially stable, namely highest DF sites were only found in certain locations. The time window for observation was shown by lead V1, each with a fixed 5-s interval. A sustaining LA-to-RA frequency gradient was observed over time regardless of the change of the maximal DF sites. The imaged maximal DF site corresponded well with the ablation sites (see Fig. 2 , red balls, superior LSPV, LA roof, and the inferior area of RIPV), and the variation of the highest DF was confined to the sites of ablation. Fig. 3 shows the examples of DF maps reconstructed from a 59-year-old patient with persistent AF, the time windows for imaging were shown by ECG lead V1. In a sequential time series, CEI repeatedly found: 1) Maximal DF sites localized at the left inferior PV (LIPV), RIPV, right superior PV (RSPV) and right atrial appendage (RAA); 2) the absence of significant hierarchical LA-to-RA DF gradient and a spatial disorganization of frequency distribution; 3) a biatrial dispersion of high-frequency activities as compared with the paroxysmal patient; and 4) the maximal DF sites migrated over time yet were restricted in a confined region and can be repeatedly imaged from independent AF segments. The results show stationary maintenance, dynamic transition, and spatial repetition of maximal DF sites over time: a sustaining maximal DF was observed to be harboring at the RAA over time [see the lower panels of Fig. 3(a)-(d) ], the maximal DF located at LIPV was stable during time window A-B [purple red area in white dotted line, the upper panels of Fig. 3(a)-(b) ], yet degenerated at time window C, and RSPV and RIPV have become the sites with maximal DF [see Fig. 3(c)  and (d) ]. This patient underwent circumferential pulmonary isolation (CPVI) and AF reoccurred at day 2 after ablation. The unablated persistent highest DF site at RAA might possibly associate with the remaining drivers leading to the recurrence of AF episode. The highest DF sites found in all patients were summarized and compared with ablation sites in Table II . AF drivers were also found around PVs in the other two paroxysmal patients who underwent circumferential PV isolation (7.48 ± 0.8 Hz). In all paroxysmal patients, a significant left-to-right frequency gradient was found (7.42 ± 0.66 Hz versus 5.85 ± 1.2 Hz, LA versus RA, p < 0.05). The imaged drivers were consistent with ablation sites in paroxysmal AF patients. All persistent AF patients underwent circumferential PV isolation, but AF was not terminated by the ablation (see Table II ). High-frequency drivers were identified in all persistent AF patients. In three out of the four persistent AF patients, non-PV drivers were found at LAA and RAA, suggesting the existence of unablated sources likely to maintain AF. Compared with paroxysmal AF, a loss in LA-to-RA frequency order was observed from persistent AF patients (8.09 ± 1.06 Hz versus 7.6 ± 1.03 Hz, LA versus RA, p = 0.2).
We also evaluated the correlation between the body surface DFs and the imaged atrial DF. Fig. 4 shows the DF map on the torso determined from 5-s BSPM in Fig. 3(c) . The body surface DF map shows similar frequency ranges (6.0-8.5 Hz) with the imaged atrial DF map (5.8-8.6 Hz). Highest DF sites on the torso were located at right anterior chest and medial to right posterior trunk, which may represent the projections of highest intracardial DF from RAA and left PVs. The mean DF was 6.4 Hz for body surface and 6.5 Hz for the atrium.
IV. DISCUSSIONS
We report for the first time an investigation of noninvasive imaging AF spectral characteristics from BSPM in a group of patients by integrating the cardiac electric imaging (CEI) with clinical DF concept. The frequency-based CEI technique is capable of imaging the spatiotemporal behavior of DF and pinpointing the drivers with highest activation frequency during AF. On paroxysmal AF patients, the hierarchical spectral patterns featured by LA-to-RA maximal frequency gradient were observed. In persistent AF patients, the DF behavior was characterized by the loss of the hierarchical pattern and the dispersion of AF drivers in both atriums. Although the DF maps were reported previously [3] from intracardiac recordings, our results indicate, for the first time, that similar findings can be obtained noninvasively from the frequency-based CEI. For patients with both paroxysmal and persistent AF, the CEI captured the temporal dynamic transition as well as repetition of highest-DF drivers. Therefore, for AF patients with significant spatial and temporal variability, the CEI may assist in the planning of ablation strategy by identifying drivers with high-occurrence rate as effective targets for AF termination. The present imaging results were retrospectively evaluated with clinical outcome and the DF sites found from paroxysmal patients were consistent with ablation sites. The CEI also identified untargeted high-frequency sources, which might be a reason of AF maintenance in persistent AF cases. Our findings suggest that the CEI is able to image AF triggers and substrates featured by high-frequency activities during AF.
A recent study, using a sheep model, has demonstrated that DF increased with the progression from paroxysmal to persistent AF, and that the speed of DF change was strongly correlated with the time of AF transition [31] . The dynamic transition of DF reflects altered activation frequency resulting from the complex atrial remodeling process; hence, investigating spectral variation may yield insights into novel AF mechanisms. Since there are limitations in extrapolating from animal models, and spontaneous AF are likely to have different mechanisms, it is important to study how electrical activity behaves as AF evolves in human subjects in real-life settings. The CEI technique enables noninvasive electrical imaging from body surface recording; hence, it provides the potential to investigate AF mechanism in intact human hearts and gives insights into the realistic electrical remodeling process.
The paroxysmal AF data presented here reveals the underlying AF mechanisms. Specifically, the existence of sustaining left-to-right DF gradients is consistent with the spatiotemporal organization of paroxysmal AF [1] - [3] . The single or multiple highest DF sites featured by high-frequency periodical electrical activities are in good agreement with ablation sites. The observation of temporal variation as well as spatial repeatability of the highest DF sites are consistent with the spatiotemporal complexity of AF itself and is further supported by previous findings [32] , [33] . The aforementioned observations suggest localized sites of high-frequency electrical activities with a corresponding frequency hierarchy as the mechanism of AF in patients.
The CEI method also offers the potential to further aid in clinical intervention of paroxysmal AF. Patients with paroxysmal AF may have non-PV triggers [34] . The locations of AF triggers in these patients were found to be dispersive over LA and RA. Therefore, it is of clinical significance to distinguish between PV and non-PV initiated paroxysmal AF and to further predict the location of the non-PV triggers. As the highest DF is closely associated with such underlying source maintaining AF, the CEI may characterize locations of the high-frequency sources and optimize the ablation strategy preoperatively.
Our technique also has important clinical implications for assisting the ablation of persistent and long standing persistent AF, which has much lower success rates than paroxysmal AF. Compared with the paroxysmal AF, it is characterized by spatiotemporal disorganization, a loss of the hierarchical frequency gradient, and a biatrial dispersion of the highest DFs [2] , [3] . It has also been suggested that failure of termination might be due to the untargeted critical highest DF dispersed at both atria [2] - [4] . The temporal complexity of persistent and long-standing persistent AF results in the challenge of intraoperative mapping [35] . Knowledge regarding the spatiotemporal distributions of these underlying substrates is important and might help improve the ablation outcome. While clinical sequential mapping is limited in this aspect [35] , the CEI technique offers the potential to localize these critical DF sites, image the spatiotemporal variation of highest DF before clinical intervention, and assist in individualizing the ablation strategy.
We have used a 2-D ECD source model to represent atrial electrical activity. Due to the very thin nature of atria over most areas, such approximation is deemed appropriate and supported by our promising clinical results. In a more accurate source model, one would need to account for the volume nature of atria by expanding the 2-D atrial surface current density source model to a 3-D atrial current density source model (see [7] - [13] , e.g.).
The current density distribution, as the output of the source model adopted in this study, may be interpreted as the spatial gradient of the TMP. Therefore, its components are dependent to the direction of the activation wavefront, e.g., the directional component will be zero if it is parallel with the activation wavefront. It has similar biophysical indication to intracardiac bipolar EGMs, which have already been used for clinical DF mapsboth are scalars due to the propagation of activation wavefront and reflect local excitation frequency. For these considerations, we have performed the spectral analysis on the norm of the current density vector. Alternatively, one may perform FFT on individual directional components that may be computationally more efficient, but there may be challenges in its biophysical interpretation.
To our knowledge, this study represents the first report to noninvasively imaging the frequency feature of AF from BSPM by coupling the CEI technique with DF concept. This technique has important clinical implication for assisting catheter ablation, individualizing ablation strategy, and facilitating the study of AF mechanism in real-life setting. The scope of the present study is to evaluate the feasibility of CEI to imaging DF behaviors during AF, thus a relatively limited number of patients was included. A large-scale patient study including paroxysmal, persistent, and long-standing persistent AF patients is needed for further rigorous evaluation.
In the present study, direct intracardiac DF map is not available due to the fact that the acquisition of bichamber EGM is not a standard clinical routine. We evaluated the frequency-based CEI by: 1) comparing the highest DF sites with ablation sites and 2) comparing the overall spectral characteristics with literatures of intracardiac DFs. Multiple studies with intarcardiac AF EGM and BSPMs [36] - [39] , reported that the DFs presented in atria were correlated with DFs presented on the body surface: 1) high frequency sites on the torso are correlated with highfrequency sites in the closest chamber; 2) the LA-to-RA DF gradient in atria can also be observed on the body surface; and 3) regions of maximal DF can be reflected on the body surface. Therefore, although DF map from intracardiac recording is not available in current study, comparing simultaneous BSPM DF with imaged DF suggests the qualitative concordance between these two measures.
V. CONCLUSION
We have developed a new approach integrating CEI with spectral analysis, and evaluated the method in a group of patients suffering from AF. The present study reports for the first time a noninvasive investigation of the spatial distribution of DF and identifying high-frequency drivers that maintain AF. The frequency-based CEI revealed high-frequency drivers consistent with ablation sites in the patients studied. The present results indicate noninvasive frequency analysis of AF is feasible and may give insight into the underlying mechanisms of AF in intact human hearts. Furthermore, a priori knowledge of the atrial substrate maintaining the fibrillation activity may help individualize ablation strategy, improve ablation outcome, and reduce procedural time.
